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Abstract 
In many areas of the world sustainable agricultural practices are being touted as a necessity for a sustainable world.  In the United 
Kingdom, China, and other nations the use of phosphorus fertilizers has been highlighted as an area in which more sustainable practices 
can be employed.  The possible advantages of using organic sources for the phosphorus required by intensive agriculture are investigated.  
The potential for replacing inorganic sources of phosphorous is estimated.   
Limitations to the use of organic sources of phosphorus are considered and their impacts on the possible general use of organic sources 
are discussed. 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Selection and /or 
peer-review under responsibility of the scientific committee of SYMPHOS 2011. 
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1. Mining and mineral processing sustainability 
Each mineral/metals commodity that is produced through mining and metallurgical activities has a nearly unique set of 
conditions that need to be considered when studying sustainable mining issues.  As mentioned before, three challenges, in 
one form or another accompany any mining and beneficiation activity if it’s large. Certainly, phosphate production has 
sustainability challenges including the three, large amounts of material, use of chemicals to aid beneficiation, and the 
improvement of the use and downstream supply. 
The large scale of the phosphate produced and the location of the production facilities create one of the greater 
challenges for achieving sustainable phosphate rock production.  The scale of the phosphate operations makes some of the 
ideals of sustainable mining difficult to approach. The manufacturing wet-process phosphoric acid for fertilizers and animal 
feed supplements was estimated to have accounted for more than 95 % of the phosphate rock consumption.
The relative magnitude of the worldwide mining and mineral processing of phosphate rock is illustrated by the 
compilation the world production of some bulk minerals in 1998/99 that was prepared by the United Nations Environment 
Programme [1].  The compilation is given in Table 1. 
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Table 1.  Comparison of the World Production of Some Bulk Minerals in 1998/1999. [1]. 
Product Tonnage 
Coal     4,655,000,000 
Iron Ore                                1,020,000,000 
Salt 186,000,000 
Phosphate Rock                    144,000,000 
Bauxite   126,000,000 
Gypsum    107,000,000 
Potash Ore                            45,000,000 
The United Nations and the International Fertilizer Commission have sponsored an excellent report [1] on the mining 
sustainability of the minerals used for fertilizers.  In the report it is claimed that the phosphate mining industry has had a 
significant improvement in the environmental performance.  Improved performance has been caused by; 
• Growing public awareness of environmental issues; 
• Greater appreciation by companies of the environmental issues; 
• Increasing regulation; 
• Scientific and technical progress that permits resolution of some of the issues; 
• Technological developments that improve environmental performance as a by-product of better efficiency. 
A number of emerging issues and trends may affect the industry in coming years, including: 
• Consumers as a political and economic force; 
• The public’s demand for accountability and transparency across the board, for both businesses and government; 
• Sensitivities about globalization; 
• A multidisciplinary approach to resolving issues 
• Ongoing public debate on what constitutes sustainability and good environmental performance; 
• Increasingly stringent expectations of environmental performance; 
• Scrutiny of business at a local and international level. 
In the future community concerns may shift away from a focus on environmental damage at the mine site to the need to 
balance competing demands for limited natural resources such as fresh water and agricultural land.  The mining industry, as 
a consumer of natural resources, will not be isolated from these pressures.  Foresight and the adoption of adequate and 
effective solutions to arising issues will assist the industry’s response. 
Because of the magnitude of the operations used for the production of phosphate the impacts are significant for the local 
area.  The potential environmental effects can be delineated by the various phases of the production.  In the mining phase in 
which there is overburden removal and the mining of the ore the potential environmental effects are land surface 
disturbance, water contamination, water table lowering air emissions, topsoil degradation, vegetation and wildlife 
disruption, and possible noise and vibration problems.  The second phase is the material handling from the mine to the 
beneficiation plant.  Potential environmental effects in handling include air emissions, water contamination and noise. 
Mineral beneficiation certainly is not without potential adverse environmental effects.  Beneficiation of the phosphate 
rock includes the traditional steps of size reduction, separation, concentration, contaminant removal, drying, compaction and 
other product preparation steps.  Waste generation is potentially one of the greatest adverse environmental effects.  A 
variety of wastes is generated from the beneficiation of phosphate rock, and may include: 
• Oversize low-grade rock from screening; 
• Coarse tailings composed of sand; 
• Fine tailings composed of clays and similar size materials; 
• Process water contaminated with fines and process reagents. 
The beneficiation of phosphate produces large volumes of waste that may cause a variety of adverse environmental 
effects if not managed and disposed of properly. The major environmental concerns related to waste disposal and 
management include: 
• Land surface disturbance from the construction and operation of large waste disposal impoundments such as dams, 
ponds and stacks; 
• Surface and ground water contamination by wastes such as fines, tailings effluents and brines; 
• The safety and stability of the storage facility.  Failure can result in extensive and widespread offsite effects. 
Mine closure is now an integral part of any mine plan.  During the past decade more and more public and government 
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attention has been devoted to the potentially adverse environmental effects developing after the cessation of active mining 
operations. The goals and objectives of the attention and the appropriate legislation are to leave the mine site in a stable and 
safe condition.  The concepts of mine sustainability and sustainable development have made mine closure more complicated 
than it has been in the past.  It now involves: 
• Finalizing rehabilitation that commenced earlier in the mine life; 
• Rehabilitation and other activities such as sealing shafts and removing plant and equipment that could not be removed 
until after mining and beneficiation were completed; 
• Monitoring the keep of rehabilitation and closure activities in the long term; 
• Rehabilitation is generally conducted progressively throughout the mine life: 
• Social impacts on the workforce and on the community, associated with the closure of an operation, may be complex.  
The obviation of these impacts is certainly within the spirit of mining sustainability. 
2. The phosphate minerals industry today 
Sources of phosphate rock, which are highly geographically concentrated, give an uncertainty in securing future 
phosphate supplies.  According to the US Geological Survey [2], 158 million tons of phosphate rock were mined 
worldwide.  Sixty seven per cent of the resource was mined in just three countries-China (35%), the USA (17%) and 
Morocco (15%), Figure 1. 
Just five countries had known reserves greater than a billion tons. For known reserves, 87% are found in just five 
countries.  By far the biggest is in Morocco with an estimated 5.7 billion tons, Figure 2. 
                 Figure 1. World Production of Phosphate [2].                    
  
     Figure 2. Estimated Phosphate Rock Reserves Rock in 2009 [2]. 
With the global trends towards sustainability, new interests in alternative technologies are being expressed.  The use of 
agricultural wastes for a supply of phosphorus is being re-examined [3].  That option has been in use for a long time but 
historically has had little impact on the phosphate fertilizer industry. It is typically utilized on a farm with both animal and 
crop production.  The process involves spreading manure or compost onto the fields because both materials contain 
nutrients needed by crops.  Compared with inorganic fertilizer, the amount of nutrients is relatively low in the manure and 
compost, but is enough to warrant use by farmers on a local level.  However, organic farming techniques have several 
drawbacks which explain the limited use by commercial scale farms.  It is much more expensive and labor intensive to 
collect, store, transport, and spread a sufficient amount of manure or compost.  Additionally, increased concentrations of 
these materials in the soil can lead to problems such as groundwater pollution [4].
3. The agricultural connection 
3.1. Inorganic phosphorous 
Phosphorus is a key input into artificial fertilizers along with nitrogen and potassium.  While nitrogen can be obtained 
biologically from the air, and supplies of potassium are far larger, phosphorus will be the bottleneck for future productivity 
in our agricultural systems.  The major use of phosphate rock is its conversion to phosphorus containing fertilizers.  It is 
required to replenish the removal of phosphorus from soil by harvests and erosion losses.  It is estimated that the world 
harvest of 2005 removed 12.7 MMT of P, Table 2 [5].The average global fertilizer application intensity is approximately 10 
kg P/ha over 1.4 billion hectares [6].  The application rate varies significantly among continents from about 3 kg P/ha in 
Africa to over 25 kg P/ha in Europe [5]. 
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Table 2. Estimated Phosphorus in World Harvest in 2005 [5]. 
 Harvested crops Crop Residues Total P uptake 
 P in grains (MMT P) P in Straws (MMT P) (MMT P) 
Cereals 5.9 2.9 8.9 
Sugar crops 0.5 0.7 1.2 
Roots & tubers 0.1 0.2 0.4 
Vegetables 0.1 0.1 0.2 
Fruit 0.1 0.1 0.2 
Pulses 0.3 0.1 0.4 
Oil crops 0.1 0.1 0.2 
Other 0.1 0.2 0.3 
Forages 1.0 0.0 1.0 
Total 8.2 4.5 12.7 
Phosphate mining and beneficiation is not only impacted by the concerns regarding mining sustainability, but it is also 
impacted by those of sustainable agriculture.  Any trend in phosphate usage in agriculture has a direct impact on phosphate 
rock production.  Ninety five per cent of the national production of phosphate rock is consumed in the manufacture of 
phosphoric acid, the basic material for producing most phosphatic fertilizers.  The most common phosphatic fertilizers are 
diammonium phosphate (DAP) and monoammonium phosphate (MAP).  The United States supplies most of the phosphate 
fertilizers in the world.  Overall, more than 50 per cent or the phosphoric acid produced in the United State is exported as 
finished fertilizers or commercial acid. 
One misconception is that sustainable agriculture will have most of its impacts in the developing nations of the world.  
The acceptance of sustainable agriculture and development practices will have major impacts in the Corn Belt of the United 
States and it will be felt well beyond the Belt’s boundaries.  Two significant trends will impact the use of inorganic 
fertilizer. 
The Florida Institute of Phosphate Research [7] has given an answer to the question of why use chemical fertilizer 
instead of organic fertilizers. The response to the question includes, “The key to growing crops that are plentiful and that 
contain the nutrients we need is assuring that the local soil has the nutrients it needs.  Manure and compost for example, 
typically have, and provide, relatively low nutrient content in comparison to commercial fertilizer.  If enough is spread, it 
may provide adequate nitrogen, but likely will not provide enough phosphate.”   
Two relatively new variables may alter the phosphate balance between organic phosphorous and phosphorous from 
chemical fertilizers.  The first is the response to the regulations, which go into effect in 2007, regarding Concentrated 
Animal Feeding Operations (CAFO).  The second is the production of ethanol from corn for the use as a motor fuel.  The 
major by-product of the production of ethanol from corn is wet distillers grain (WDG).  The major use of WDG is cattle 
feed.  Nutritionally, the WDG is a better feed to cattle than corn.  One of the positive aspects of WDG is the phosphorous 
content is significantly greater than that of corn.  Unfortunately, since the ethanol plants essentially process the starch in the 
corn into ethanol, the waste and by-products have higher concentrations of phosphate than the original corn.  The WDG 
supplies more phosphorous than the cow requires so manure produced has a higher content of phosphorous than manure 
originating from a corn feed.   
Animal manure contains more phosphorous than nitrogen relative to plant needs, meaning that less manure can be spread 
on a given acre under the phosphorous limit than a nitrogen limit.  With the adopted phosphorous rules for CAFO’s 
approximately 2.4 acres of farmland are required for manure spreading for each cow contained in a CAFO.  If WDG is used 
as a feed the amount of land needed for manure disposal is approximately five acres.  If the integrated ethanol-cattle 
production facilities grow as anticipated, the need for inorganic phosphorous fertilizer will be significantly negatively 
impacted.  
Phosphate mining is nearly unique because of the potential impacts of sustainable agriculture on a mining industry and, 
therefore, sustainable mining.  Truly, this is an overarching case of sustainable development. 
3.2. Corn 
Corn is grown in more countries than any other crop.  The world corn production was estimated to be approximately 790 
million metric tons in the 2008/2009 growing season [8].  During that year the U.S. produced 307 million tons and China 
produced 166 million tons, Figure 3. 
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Figure 3. Corn Production in 2009, millions of metric tons [8]. 
3.3. Phosphorus Requirements 
The actual amount of phosphorus needed in a fertilizer for the production of corn is dependent on the expected crop yield 
and the nutrients available in the soil.  Recommended application rates for phosphorus application are based on soil tests.  
The average phosphorous consumption on corn in the Corn Belt is, in the eastern part, is approximately 84 kg/ha P2O5 and 
in the western part 54 kg/ha P2O5 [9]. 
3.4. Corn for biofuels  
It is estimated that approximately 136 million tons (five billion bushels) of corn will be used to produce ethanol in the 
U.S. in 2011 [10].  The 136 million tons represent approximately 37% of the projected crop. Table 3 details the usage of 
corn in the U.S. for the production of ethanol fuel.   
Table 3. Corn Production and Corn Used for Ethanol Manufacture in the U.S. [10]. 
Year Corn Production Corn Usage for Ethanol 
 Mil. Ton Mil. Ton 
2004 300 34 
2006 268 54 
2008 307 94 
2010, proj. 319 122 
2011, proj. 350 126 

0
10
20
30
40
50
2004 2006 2008 2010,
proj
2011,
proj.
Pe
rc
en
ta
ge
 c
or
n
 
u
se
d 
fo
r 
et
ha
n
ol
 
pr
od
uc
tio
n
 
Figure 4. Percentage of U.S. corn production used for ethanol production [10]. 
3.5. Ethanol refinery 
Nearly 40 percent of the corn grown within the U.S. is now being used for ethanol production, Figure 4.  In the U.S. 
greater than 80 percent of the corn that is processed into ethanol is done by the dry-grind technique.  Figure 5 is a schematic 
depicting the inputs and outputs of a dry-grind ethanol plant. 
During ethanol production starch is converted to ethanol and the other constituents of the corn kernel become coproducts.  
Each ton (36.74 bu) of corn produces 0.106 m3 (103 gallons) of ethanol, 0.3 tons (660 pounds) of DDGS and 0.3 tons of 
carbon dioxide. All the phosphorus contained in the corn kernel exits the refinery in the DDGS coproduct.  Therefore, the 
refinery serves as a concentrator for the phosphorus.  The feedstock enters the refinery containing approximately 0.29% by 
weight phosphorous and the coproduct exits with 0.86% by weight phosphorous. 
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Figure 5. Phosphorus content of inputs and outputs of a dry-grind ethanol plant. 
It is clear from the production data, Figure 6, that the ethanol production from corn has had excellent growth during the 
past ten years.  Further growth of the industry is dependent on national policies regarding liquid fuels production strategies 
and associated tax incentives. Currently, it is safe to predict that the industry will expand to 56.8 million m3 per annun 
which is the current national policy target for corn-based ethanol. 
In 2008 the U.S. and Brazil produced approximately 90 percent of the ethanol manufactured from organic feedstocks, 
Figure 7 [11].  
                     Figure 6. Bioethanol Production in the U.S.[10].                         Figure 7. Worldwide Bioethanol production in 2008[11].    
3.6. Dried distiller’s grains with solubles (DDGS) 
Bioethanol comes with a valuable co-product, DDGS. The by-product DDGS from the ethanol plants is sold as an animal 
supplement feed.   Phosphorus found in DDGS is three times the level of corn [12]. Table 4 lists some of the possible 
sources of plant feeds and their phosphorus content. 
Table 4. Phosphorus and dry matter characteristics of selected distiller’s by-products, manure and fertilizer sources [12].  
By-product Dry Matter Phosphorus 
% kg/t 
Wet distiller’s grains with solubles 35 3 
Dried distiller’s grains with solubles (DDGS) 90 7.5 
Poultry liter 77 18 
Swine slurry 11 2.5 
Unagitated lagoon effluent 0.5 0.06 
Diammonium phosphate (DAP) 100 4.03  
DDGS is a rich protein feed and it has increased the availability of phosphorus compared to a normal feed mix, 90 per 
cent in DDGS compared to 10-20 per cent [13]. 
The production of DDGS in the U.S. has dramatically increased during the past seven years. As seen in Figure 8 it is 
estimated that greater than 40 million tons of DDGS will be produced in 2010 and 2011.  Greater than 70 per cent of the 
DDGS production in the U.S. in 2009 was used in the feeding of either beef or dairy cattle and twenty-one per cent was 
 Corn, 0.29% P 
CO2, 0% P 
Ethanol, 0% P 
DDGS, 0.86% P 
Dry-Grind 
Ethanol Plant 
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exported, Figure 9. A conservative estimate is that greater than 250,000 tons of readily available phosphorous originating 
from domestically produced DDGS will be fed to farm animals in the United States in 2011. 
The recent growth in the ethanol industry has occurred in the western Corn Belt of the U.S., where there is an abundance 
of corn and a high concentration of livestock and poultry operations.  As a result, there is significant market growth 
potential for DDGS near these new ethanol plants to adsorb the output.  The livestock and poultry industries have the 
potential to consume all the DDGS produced [14]. 
              Figure 8. Production of DDGS in the United States [10].                          Figure 9. Use of DDGS produced in 2009 [10].  
3.7. Animal wastes 
The phosphorus requirement in cattle feed is 0.1% P.  Slightly less than 0.1% will be retained by the animal, and thus, 
any excess phosphorus will be excreted as waste [15].  The manure may contain 0.4 % if a 40% DDGS diet is fed to cattle 
[16]. 
Estimates of phosphorus excrement from one steer fed in confinement for 152 days have been made [17].  The estimates 
are based on a ration of 10.3 kg (22.8 lb) of feed consumed per day containing various portions of DDGS, Table 5.  
Table 5. Manure nutrient content excreted by a yearling steer when fed diets containing varying amounts of distillers dried grains plus solubles 
(DDGS)[17]. 
Per cent of DDGS in the diet (dry matter basis) 
0 15 25 40 
Nitrogen excreted per steer, kg 27.3 27.3 32.7 40.5
Phosphorus excreted per steer, kg 4.5 5.5 6.4 7.7 
3.8. Impact of cellulosic ethanol 
American renewable fuel policies are in a state of transition.  In the near future the production of ethanol will be limited 
to 56.8 million m3 per year.  Increased bioethanol production will come from cellulosic feedstocks.  For many years to come 
the main source will be corn stalks and corn cobs.  Such a shift will be detrimental to the concept of recycling the 
phosphorous generated in the bioethanol industry.  
First, the fermented wastes from cellulose utilization have not been proven to be a good source of animal feed.  The 
upgrading of the phosphorous content through the use of animals will not be possible.  
The second reason for the minimization of the recycled phosphorous is the material balance around the corn field itself.  
As seen in Table 2, 33   percent of the phosphorous found in grain production is found in the plant residues.  Instead of 
being recycled to the land the residue will be removed for feedstock material for ethanol production.  The United States 
Department of Agriculture has estimated that the loss in fertilizer value because of the harvesting of the residue will be 
equal to approximately $11.38 /acre. A significant portion of the additional fertilizer costs is due to phosphorus removal. 
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4. Conclusions 
• Regardless of agriculture for fuel the world will need 5 X 1014 calories per year for food. With the world’s growing 
population , extensive/intensive agriculture will increase. 
• Because of the 2nd law of thermodynamics considerations, the need for a concentrated source of phosphorus will not be 
obviated. 
• Partial substitution of phosphorus from inorganic sources by agricultural sources of phosphorous is dependent on 
governmental policies 
• Ethanol production from cellulosic agricultural “wastes” will negatively impact the agricultural phosphorus balance.  
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